According to classical concepts of viral oncogenesis, the persistence of virus-specific oncogenes is required to maintain the transformed cellular phenotype. In contrast, the "hit-and-run" hypothesis claims that viruses can mediate cellular transformation through an initial "hit," while maintenance of the transformed state is compatible with the loss ("run") of viral molecules. It is well established that the adenovirus E1A and E1B gene products can cooperatively transform primary human and rodent cells to a tumorigenic phenotype and that these cells permanently express the viral oncogenes. Additionally, recent studies have shown that the adenovirus E4 region encodes two novel oncoproteins, the products of E4orf6 and E4orf3, which cooperate with the viral E1A proteins to transform primary rat cells in an E1B-like fashion. Unexpectedly, however, cells transformed by E1A and either E4orf6 or E4orf3 fail to express the viral E4 gene products, and only a subset contain E1A proteins. In fact, the majority of these cells lack E4-and E1A-specific DNA sequences, indicating that transformation occurred through a hit-and-run mechanism. We provide evidence that the unusual transforming activities of the adenoviral oncoproteins may be due to their mutagenic potential. Our results strongly support the possibility that even tumors that lack any detectable virus-specific molecules can be of viral origin, which could have a significant impact on the use of adenoviral vectors for gene therapy.
The observation that a number of viral oncogenes are recurrently expressed in virus-transformed cells and in the corresponding tumors led to the general view that the persistence of virus-specific genes is required to maintain the transformed cellular phenotype (21) . In contrast to this conventional concept of viral oncogenesis, the "hit-and-run" hypothesis, originally proposed by Skinner (31) , claims that viruses can mediate cellular transformation through an initial "hit," while maintenance of the transformed state is compatible with the loss ("run") of viral molecules. The hit-and-run concept raises the intriguing possibility of an etiological role of viral agents in tumors that lack any viral genes and proteins.
It is well established that cellular transformation by adenovirus type 5 (Ad5) is initiated through expression of the E1A oncogene, which is sufficient to immortalize cells, although transformation by E1A alone is inefficient and often incomplete (reviewed in references 6 and 29). The 19-and 55-kDa proteins expressed from the E1B transcription unit of Ad5 (E1B-19 kDa and E1B-55 kDa) can individually cooperate with Ad5 E1A proteins to increase transformation efficiency and to convert primary human and rodent cells to a fully transformed tumorigenic phenotype (6, 29) . We and others have recently shown that two early region 4 (E4) gene products of Ad5, the E4orf6 (E4-34 kDa) and E4orf3 (E4-11 kDa) proteins, can also cooperate with E1A and E1A plus E1B to substantially enhance transformation (16, (18) (19) (20) . Consistent with the conventional concept of viral oncogenesis, it has been reported that cells transformed by E1A and E1B continuously express the whole set of viral oncoproteins (7, 10, 35) . However, evidence from earlier work suggested that the permanent presence and stable expression of E1 gene products are not absolutely required to maintain the transformed phenotypes of some cells, implying that hit-and-run mechanisms may play a role during adenoviral oncogenesis (12, 24) . Moreover, Shenk and coworkers recently demonstrated that adenovirus E1A proteins can cooperate with the major immediate-early gene products (IE1 and IE2) of human cytomegalovirus (CMV) to mediate hit-and-run transformation of primary rat cells (28) .
To evaluate the role of classical versus hit-and-run mechanisms in adenoviral oncogenesis, we compared cells transformed by E1A and E1B or E1A and E4orf6 or E4orf3 for the retention of virus-specific genes and proteins.
MATERIALS AND METHODS
Plasmids. All viral proteins examined in this study were expressed from their respective complementary DNAs under the control of the CMV immediate-early promoter. The plasmids pCMV-E4orf3-neo, pCMV-E4orf6-neo, and pCMV-E1B-55 kDa-neo express the Ad5 E4orf3 (E4-11 kDa), E4orf6 (E4-34 kDa), and E1B-55 kDa proteins and were derived from the pcDNA3 vector (InVitrogen), which contains a neo gene conferring resistance to G418. The construction of pCMV-E4orf3-neo and pCMV-E4orf6-neo (formerly designated pCMV-E4orf3 and pCMV-E4orf6, respectively) has been described previously (20, 25) . Plasmid pCMV-E1B-55 kDa-neo was generated by insertion of the E1B-55 kDa coding sequence into the BamHI and XbaI sites of pcDNA3. Plasmid pCMV-E1A expresses Ad5 E1A proteins, lacks a neo gene, and has been described previously (17) .
Transformation assays and cell lines. Primary cells were obtained from kidneys of 6-to 7-day-old Sprague-Dawley rats as previously described (18, 20) and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). For focus assays, subconfluent cells on 90-mmdiameter dishes were transfected by the calcium-phosphate procedure (11) with 1.5 g of pCMV-E1A and 1 g of empty vector-neo (pcDNA3), pCMV-E1B-55 kDa-neo, pCMV-E4orf6-neo, or pCMV-E4orf3-neo, as described previously (18) . Total DNA was adjusted to 20 g with empty vector and salmon sperm carrier DNA (Boehringer Mannheim). Four weeks after transfection, plates were stained with crystal violet, and dense foci of morphologically transformed cells were counted. Alternatively, individual foci or pools of foci were expanded into permanent cell lines.
Immunoprecipitation and immunoblotting. For analysis of protein expression by immunoprecipitation and immunoblotting, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, 0.3 M aprotinin, 1 M leupeptin, 1 M pepstatin). Protein concentrations were normalized with the Bio-Rad protein assay, and equal amounts of total protein were subjected to immunoprecipitation and/or immunoblotting exactly as described previously (20) . The following primary antibodies were used in this study: the mouse monoclonal antibodies M73, 2A6, and RSA3 directed against the Ad5 E1A, E1B-55 kDa, and E4orf6 proteins, respectively (8, 15, 27) ; and 6A11, a rat monoclonal antibody recognizing the Ad5 E4orf3 protein (20) .
PCR. Total cellular DNA was isolated by using the DNeasy tissue kit (Qiagen). PCRs were performed with 500 ng of genomic DNA or 50 ng of plasmid template and specific pairs of primer oligonucleotides with the following sequences: 5Ј-CCGAAGAAATGGCCGCCAGTCTTTTGGACCAGC-3Ј (330-E1A-fw) and 5Ј-GCGTCTCAGGATAGCAGGCGCCATTTTAGGACGG-3Ј (331-E1A-rev), 5Ј-GGAGCGAAGAAACCCATCTGAGCGGGGGGTACC-3Ј (640-E1B55K-fw) and 5Ј-GCCAAGCACCCCCGGCCACATATTTATCATGC-3Ј (641-E1B55K-rev), 5Ј-CACGGATCCATGACTACGTCCGG-3Ј (1-E4orf6-fw) and 5Ј-CGCGAATTCGTCGACGCGCGAATAAACTGCTGC-3Ј (48-E4orf6-rev), and 5Ј-CGCTGCTTGAGGCTGAAGGTGGAGGGCGC-3Ј (363-E4orf3-fw) and 5Ј-CCAAAAGATTATCCAAAACCTCAAAATGAAG-3Ј (364-E4orf3-rev).
Tumorigenicity testing. Cells were harvested with a cell scraper, washed twice with phosphate-buffered saline (PBS), and resuspended in serum-free DMEM at a concentration of 10 7 cells per ml. NMRI (nu/nu) mice were injected subcutaneously with 10 6 cells, and tumor growth was recorded during a 6-week period as described previously (19) .
Mutagenesis assays. Mutagenesis assays were performed essentially as described by Shen et al. (28) . Chinese hamster ovary (CHO)-D422 cells (2) were maintained in purine-free alpha-MEM medium containing 10% FCS. A total of 10 5 cells were plated on 90-mm-diameter dishes and transfected 2 days later by the calcium-phosphate precipitation technique followed by a 10% glycerol shock (11) with the indicated plasmids and salmon sperm carrier DNA as described above for the transformation assays. After transfection, cells were incubated in nonselective growth medium for 4 days to allow the manifestation of mutations. After that, 10 5 cells were plated in medium containing 10% dialyzed FCS and 10 M 6-thioguanine to select for hprt mutants. For each culture, 100 cells were also plated in nonselective medium to determine the plating efficiency. Drug-resistant colonies were stained 7 to 8 days thereafter with crystal violet (1% in 25% methanol), and the mutation frequency was calculated from the number of resistant colonies compared to the plating efficiency.
RESULTS
The majority of cell lines transformed by E1A and E4orf6 or E4orf3 fail to express viral proteins and lack viral DNA sequences. When we cotransfected primary baby rat kidney (BRK) cells with a plasmid encoding Ad5 E1B-55 kDa in combination with a neomycin resistance gene (pCMV-E1B-55 kDa-neo) and a plasmid expressing Ad5 E1A (pCMV-E1A lacking a neo gene), we consistently observed considerable numbers of G418-resistant, transformed colonies ( Fig. 1 and Table  1 ). Similar results were obtained following cotransfections with pCMV-E1A and pCMV-E1B-19 kDa-neo (data not shown), indicating the presence of the E1B-55 kDa or E1B-19 kDa coding sequences in these cells. Cotransfections with a plasmid expressing the Ad5 E1A and E1B genes (pAd5XhoI-C) and constructs encoding Ad5 E4orf6 or E4orf3 plus a neo gene (pCMV-E4orf6-neo or pCMV-E4orf3-neo) gave rise to large numbers of G418-resistant colonies that could be readily expanded into permanent cell lines (ABS cells or ABT cells, respectively). All of these cell lines expressed substantial levels of the respective E1 and E4 proteins (18) (19) (20) (Fig. 2b and c, ABS1 and ABT29 cells). In contrast, transfections with combinations of pCMV-E1A and pCMV-E4orf6-neo or pCMVE4orf3-neo in the absence of the E1B gene resulted in the formation of stably transformed colonies that were never FIG. 1. Cells transformed by Ad5 E1A and Ad5 E4orf6-neo or E4orf3-neo are G418 sensitive. Shown are representative plates from transfections of primary rat cells with empty vector-neo or combinations of pCMV-E1A with empty vector-neo, pCMV-E1B-55 kDa-neo, pCMVE4orf6-neo, or pCMV-E4orf3-neo, which contain transformed colonies obtained in the absence or presence of the selective drug G418. (E4orf6) or very rarely (E4orf3) resistant to G418 ( Fig. 1 and Table 1 ). These experiments suggest that the E4 oncogenes only regularly persist in transformed cells coexpressing E1B.
To confirm this idea, we derived a further set of cell lines from foci transformed by E1A/E1B-55 kDa (AB cells), E1A/ E4orf6 (AS cells), and E1A/E4orf3 (AT cells) and subjected them to immunoblot analyses (Fig. 2a to c) . As expected, all of the AB cell lines tested contained high levels of E1A and E1B-55 kDa proteins, while the previously discussed ABS and ABT cell lines additionally expressed the E4orf6 or E4orf3 proteins, respectively. In contrast, all AS and AT cell lines failed to express the corresponding E4 proteins at detectable levels. Curiously, even E1A expression was undetectable in 6 of 10 AS cell lines and 7 of 10 AT cell lines. To test whether the lack of viral protein expression was due to the absence of these genes, we screened our transformed cell lines by PCR for the presence of the respective DNA sequences (Fig. 2d to f) . The results from these analyses show that all AS and AT cell lines failing to express E1A did indeed not contain the corresponding DNA. Likewise, no E4-specific DNA sequences were amplified from most of these cells, with the exception of two AS cell lines and one AT cell line. As a positive control, E1A and E1B sequences were PCR amplified from all AB, ABS, and ABT cell lines examined. These results clearly demonstrate that the E1A and E4 genes are only regularly retained and expressed in transformed cells when E1B is coexpressed. In the absence of E1B, the E1A and E4orf6 or E4orf3 genes can apparently cooperate to initiate transformation without subsequently being retained in the resulting cells.
A subset of hit-and-run-transformed cell lines exhibit tumorigenicity in nude mice. To check whether our transformed rat cell lines exhibit a fully transformed phenotype even in the absence of viral oncogenes, we subcutaneously injected several AS, AT, and AB cell lines into athymic mice and monitored them for tumor development. The results summarized in Table  2 show that one of six AS cell lines (AS5), two of three AT cell lines (AT1 and AT3), and one of two AB cell lines (AB3) displayed tumorigenicity. Since AS5 and AT1 cells do not contain any detectable viral genes or proteins, we conclude that the persistence of Ad5 oncogenes is not absolutely required for maintaining the fully transformed cellular phenotype. Rather, the transient presence of the E1A and E4 genes may have generated an initial hit, resulting in the oncogenic conversion of the affected primary cells, which has been followed by the loss ("run") of all viral genes after the transformed phenotype has been established.
Transient expression of E1A with E4orf6 or E4orf3 increases the mutation frequency at the hprt locus. Given the fact that virtually all DNA tumor viruses including adenoviruses induce chromosomal damage and other mutations in the host cell genome (14, 23, 37) , we next asked whether the oncogenic hit may be caused by mutations that accumulate during the transient presence of the viral E1A and E4 genes. To this end, we performed mutagenesis assays with the hypoxanthine phosphoribosyltransferase (hprt) locus as an indicator gene to monitor the mutation frequency. We transiently transfected CHO-D422 cells with different plasmid combinations and maintained them in medium containing the selective drug 6-thioguanine. This purine analogue is converted to a toxic nucleotide through a reaction that requires a functional hprtencoded enzyme. Thus, medium that contains 6-thioguanine kills normal cells but does not affect the growth of mutant cell clones harboring inactivating mutations within the hprt gene. The results from our mutagenesis assays (Fig. 3) indicate that the transient expression of Ad5 E1A can enhance the mutation frequency within the indicator gene by less than twofold, while transfection of Ad5 E4orf6 or E4orf3 alone had no mutagenic effect (data not shown). However, the combination of E1A with either E4orf6 or E4orf3 resulted in a significant increase in the number of resistant colonies compared to that with E1A alone, indicating that both E4 genes can act as comutagens in the presence of E1A. To check for specificity, we also tested two other Ad5 E4 genes (coding for E4orf4 and E4orf6/7), which do not induce focus formation in cooperation with E1A (18; unpublished results), for mutagenic activities in combination with E1A (Fig. 3) . As expected, neither E4orf4 nor E4orf6/7 had any enhancing effect on the mutation frequency. Rather, a decrease was observed, which may be related to the ability of both of these E4 proteins to induce apoptosis (13, 30, 34) . Similar results were obtained from cotransfections of E1A with E1B-55 kDa, which did not further increase the mutation frequency compared to E1A alone.
DISCUSSION
The present study confirms previous observations that the expression of Ad5 E1A with either Ad5 E4orf6 or Ad5 E4orf3 can initiate the stable transformation of primary rat cells (16, 18, 20) . Some of these cells are converted to a fully oncogenic phenotype, as demonstrated by their ability to form tumors in nude mice. Curiously, none of the cell lines tested contained the E4 proteins, and many failed to express E1A. Strikingly, the majority of transformed cell lines lacked any detectable viral DNA sequences. These observations are not compatible with the conventional concepts of virus-induced oncogenesis, in which the continuous expression of viral proteins is required to sustain the transformed phenotype. Rather, they fit the hit-and-run model, which claims that viral molecules are necessary for the initiation but not the maintenance of cellular transformation. The fact that the transient expression of E1A with E4orf6 or E4orf3 proved to be mutagenic suggests that the viral genes could mediate hit-and-run transformation by inducing oncogenic mutations in cellular genes. This idea has been suggested in a recent study by Shen et al. reporting that cells transformed by combinations of E1A with the HCMV IE1 and IE2 genes only transiently expressed the HCMV proteins, but accumulated mutations in the cellular p53 gene (28) .
As yet, we can only speculate on the mechanism by which the viral oncogenes cause mutations. The mutagenic effects are apparently not based simply on the presence of viral DNAs, since plasmids containing complementary DNAs of E4orf3 or E4orf6 in an antisense orientation were not mutagenic (data not shown). More likely, the accumulation of genetic alterations requires the transient expression of the viral E1A and E4 genes. The Ad5 E1A protein has been shown previously to be involved in the generation of chromosomal aberrations (3) . Interestingly, in these experiments, not only was the E1A-dependent mutagenic effect already apparent within 11 h after infection, but a contribution of E4 genes has not been ruled out (3) . Very recently, Ad5 E1A has been associated with a specific human chromosomal translocation, which fuses the EWS and FLI1 genes to create a chimeric, oncogenic fusion FIG. 3 . Transient coexpression of Ad5 E4orf6 or E4orf3 with Ad5 E1A increases the mutation frequency at the hprt locus. For mutagenesis assays, 10 5 CHO-D422 cells were transfected with either empty vector or plasmids encoding the indicated viral genes. After 4 days, cells were trypsinized and replated at a density of 10 5 cells per plate in selective growth medium containing 6-thioguanine. Drug-resistant colonies from two of these plates corresponding to a total of 2 ϫ 10 5 cells plated in selective medium were counted 7 to 8 days thereafter, and numbers were corrected for the plating efficiency. The mean and standard deviation for at least three independent experiments are presented. After correction for the plating efficiency, the average number of 6-thioguanine-resistant colonies was 7 per plate for the vector control. The same results were obtained in two separate experiments in which we plated a total of 10 6 cells (10 plates with 10 5 cells/plate) in selective growth medium (data not shown). (17, 18) . All other cell lines were derived from the present study.
b Protein expression was monitored by immunoprecipitation and/or immunoblotting (Fig. 2a to c) . (36) . Together, these E1A-and E4-dependent activities may lead to the accumulation of chromosomal aberrations and other mutations. However, continuous mutagenesis may be detrimental to cells, selecting against the permanent presence of the E1A and E4 genes. Conversely, the E1B proteins may favor retention of the E1A and E4 genes by virtue of their ability to efficiently interfere with different apoptosis pathways (reviewed in reference 33). Alternatively, E1B may actively suppress the mutagenic effects of the E4 proteins. However, this seems unlikely, since coexpression of E1B-55 kDa with E1A and E4orf6 or E4orf3 in CHO cells did not result in lower mutation frequencies than those of E1A and E4orf6 or E4orf3 alone (data not shown). Adenovirus infections have never been convincingly linked to human oncogenesis, because none of the human neoplasms examined consistently contained adenoviral DNA (6, 29) . Our results support the intriguing possibility that adenovirus infections may contribute to the development of some human tumors through a mutagenesis-based hit-and-run mechanism resulting in tumors that do not carry viral genes and proteins. If true, it would be extremely difficult, if not impossible, to implicate this widespread pathogen in human oncogenesis. Finally, our data may also have direct safety implications for the use of oncolytic adenovirus vectors currently being tested in clinical trials for human tumor therapy (9), because they contain the E1A and E4 genes.
